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Determination of the Base Composition of Deoxyribonucleic Acid by 
Measurement of the Adenine/Guanine Ratio 

BvJ.T.O.KJRK 
Department of Biochemistry and Agricultural BioclxcrrAstry, 
• University College of Wales. Ahcry'slwyth 

(Received 12 May 1967) 

A method is described for deteraiination of the base composition (aa guanine -f 
cytosine or adenine + thymine content) of DNA by accurate measurement of 'the 
adenine/guanine ratio. The DNA is hydrolyssd with 0-03 ^-hydrochloric acid for 
40min. to release the purines. The hydrolysote is subjected to ion-exchange 
chromatography on Zeo-Karb 225. Apurinic acid3 are eluted with 0-03K- 
hydrochloric acid and then guanine and adenine are eluted separately with 
2 >"-hydrochloric acid. Guanine and adenine are each collected as a singlo fraction, 
and the amount of base in each case is determined by measuring the volume and the 
extinction at suitable wavelengths. For use in tho calculations, millimolar 
extinction coefficients* in 2y-hydrochloric acid of 12-09 for adenine ot 2C2m^ ( and 
10*77 for guanine at 248m^t, were determined 'with authentic samples of bases. 
The method gives oxtromely reproducible results: from 12 determinations with 
calf thymus DNA the adonine/guanine molar ratio had a standard deviation of 
0*011; this corresponds to a standard deviation, in guanine 4- cytosine content of 
0*2% guanine -f cytosine. 



Tho fact that in double -stranded DNA tho 
number of adenine residues equals tho number of 
thymine residues, and the number of guanine 
residues equals the numbor of cytoaino (or 
cytosine -I- 5 -methyl cytosine) residues, means that 
to determine the base composition (as GC* content 
or AT content) of the DNA it is sufficient to measure 
tnoA/G ratio. The advantage of such a procedure Js 
that it is possible to measure the A/G- ratio by 
techniques that avoid some of tho pitfalls of 
methods involving direct measurement of the 
amounts of all foul* (or five) bases. For instance, 
liberation of all tho bases from DNA requires 
violent acid hydrolysis, such as treatment with 
70% pereMoric acid at 100° for lhr. (Morshak & 
Vogel, 1951) or with anhydrous formic acid at 
175° for f-2hr. (Vischer & Chargaff, 1048). Con- 
centrated acid at high temperature may cause some 
degradation of bases: Abrams (1951) reported that 
l-Oy-hydrochloric acid at 100° for GOmin. caused 
7 -$% deamination of adenine and guanine. 
Another disadvantage of treatment with con- 
centrated acid (particularly with perchloric acid) 

* Abbreviations: GC content, proportion of guanine-*- 
eytosine (+ 5 -mot hyl cytosine, where present) in ])NA, 
expressed as a percentage of tho totul number of mol'^j of 
purmcandpyriraidine bases present; AT content, proportion 
o: adenine -i- thymine, expressed ill the same \v:ty ; A jG ratio, 
^-eaine/gvanine molar ratio. 
°2 



is ihat it may lead to the formation of charcoal rro: n 
the sugar moiety of tho DNA and from any con- 
taminating polysaccharide that may be present. 
The charcoal can adsorb nucleic acid bases (L. 
Levcnbook, unpublished work quoted by Wyatt, 
1955), giving rise to falso values for the base com- 
position. Contamination by polysaccharide is 
particularl}' likely to be serious in DNA sample 
isolated from plants. Confining attention to adenine 
and guanine can avoid these disadvantages, since 
the purine bases can bo liberated from DNA by very 
mild acid hydrolysis. Tamm, Hodes & Chargaff 
(1952) found that the purines were quantitatively 
liberated from DNA by heating at 100° for COmin. 
at pH2-S. Under mild acid conditions there is no 
formation of charcoal and it seems likely that there 
is little degradation of bases. 

To take advantage of the benefits attached to 
estimating only the purines a method for measure- 
ment of DNA base composition was devised that 
involved liberation of these bases from DNA l»y 
heating at 100° for GOmin. at pH2-74, separating 
adenine and guanine from the hydrolysate by ion- 
exchange chromatography and measuring the 
extinctions of all tho fractions at suitable wave- 
lengths to determine concentration (Kirk, 196:t). 
This method was used to detect a difference in baso 
composition between chloroplast DNA and nuclear 
DNA in the broad bean, and with these DNA 
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specie it v/33 found that the standard deviation of 
the values of tho A/G Mtio was 0-03. With broad- 
betr. nuclear DNA, which has a GC content of 
39-4%, a standard deviation of 0*03 for the A/G 
ratio corresponds to a standard deviation of 0-5% 
GC content. The reproducibility of this technique 
therefore compared favourably with that of other 
methods. However, it was thought that the 
maximum attainable accuracy made possible by 
this approach had not been achieved. The technique 
has therefore been refined further. The new method 
differs from the old in that tho DNA is hydrolysed 
at c, lower pH for a shorter time, a different ion- 
eschange resin and an altered eluticn system axe 
used to isolate the adenine and guanine, and the 
bases are estimated by a substantially more 
accurate spectrophotomctric procedure. This modi-* 
ficd technique has made possible a marked improve- 
ment in the accuracy vnth wliich DNA -base 
c opposition .can bo measured. 

METHODS AND MATERIALS 

Eziinction nicajurmtnU. AH extinction measurements 
were carried out with a Hitachi Perkin-EIincr 139 spectro- 
photometer iitted with a. photomultinlicr. The accuracy of 
tho nonochromator was checked with a holmluin niter. A 
slit width of 0-1 mm. was used, which gives a spectral band- 
pas; fcf 0'2cji. To eliminate the human error involved m 
reading tho 'extinction scale, end possible deviations from 
lin carity of the moter iUclf, the digital read-out jack of the 
spectrophotometer -was connected to a Solaztron model 
LM 1420.2 digital voltmeter (Solartron Electronic Group 
Ltd., Parnborough, Hants.). With tho appropriate blank 
cuvette in position tho signal from tho spectrophotometer, 
which i*3 proportional to transitu ttance, was adjusted to 
give o reading of 1*000 v on the voltmeter. When a cuvette 
costammg a samplu was moved into the 'light -beam its 
tranamittance could be read to an accuracy of 0-001. In 
accordance Trith tho recommendations of the manufacturers 
of the spectrophotometer, the concentrations of the vurioua 
samples wero chogen so a3 to give values of transmit ta nee 
botween 0*200 and 0*500 (i.e. extinction values between 
0-C99 and 0*301) to keep errors to a minimum. Trans- 
mit ta nee values were converted into extinctions by reference 
to a Table of vdues of extinction for all values of trans- 
mittancc from 0-001 to 0-099, computed or\ an IBM 1620 
Computer. All extinction values obtained with the 5 cm. 
cells wcro corrected for alight differences in the extinctions 
of these cells at certain wavelengths. No such corrections 
were necessary with the 1cm. cells. 

Extinction cotjJlcicTdj. In this method adenine and 
guanine were estimated in 2x-HCl. Extinction coefficients 
for theso baeca m 2x-HCl had to Lo determined mac* the 
appropriate values aro apparently not available in the 
literature. The absoluto accuracy of the Hitachi Perlciu- 
Elmer spectrophotometer when used with the 1cm. quart r 
cells was chcckcd'with a oiaudard solution of K 2 Cr : 0 7 in* 
0-01>--H 3 SO<: the observed extinction values at 23-5, 257, 
313 and 350m M dilTcrcd by not more than 0-3% from the 
theoretical values. 

(a) Adenine. The extinction values of a solution contain- 



ing !r79i-g. of adeninc/ml. in 2>'-IICl were measured t>t :i 
series o: vraveJcrigths. The absorption maximum w.-is found 
to be a: 252 m^. Since adenine should have uo significant, 
extinctier. at 310 m/i, the very small extinction (0-002) at. 
310m/i was subtracted from the values? at othsr wavelengths, 
as a partial correction for possible Sight-scattering ctlccts. 
The milh'molar extinction coefficient at 2G2m/i was found 
to bo 12-09. Tho JC 2 c*/i?2?s ratio was 1-G14. 

(6) Guanine. The extinction values of a solution contain- 
ing 6*47 pg. of goanuie/ml. in 2x-ECI were measured at a 
scries of wavelengths. The absorption maximuju waa found 
to bo at 243 mji. As with adenine, extinction values were 
corrected by subtracting the extinction (0-004) at 310niu. 
The millimolar extinction coefficient at 24Sin^ was found 
to be 10-77. The £u*IE*s$ ratio was 1*557. 

DNA hydrolysis. Calf thymus DNA was dissolved at 
0*7mg./mL in 15mM-XCJ. Then 1ml. of the DNA solution 
was pipetted into a lOmm.x 75/nra. Pyrex test tube, and 
0-1&1. of 0*33x-HC), giving a final HC1 concentration of 
0*03 was added. The tube was placed in a boiling-water 
bath for 50 sec. and then scaled tightly with a rubber bung. 
After a further 40 in in. in the water bath the tube was 
' removed and cooled. Increasing the hydrolysis time to 
COmin. did not relueje any more adenine or gua a inc from tLe 
DNA, and consequently gave exactly the same A/G ratio as 
40 min. hydrolysis. A 40mm. hydrolysis time was therefore 
used in all the determinations. 

Separation and estimation of adenine and Qvamnz. 
Adenine and guanine wero separated from the other 
hydrolysis product* by a modification of the method of 
Cohn (1055). Separation was carried out oz o. bed of Zeo- 
Karb 225 retain (17 cm. highx 1 cm. diam.) in a CallcnJcamp 
CL-120 chromatography column (A. G alien kamp and Co. 
Ltd., Locdon, S.C. 2). The column effluent was passed 
through a cow cell in a JJeicam SP.300 recording spectro- 
photometer and its extinction at, SCOm^x was monitored 
continuouily. In every run, before the DNA hyrlrolyaate 
was put on the column, 0*03y-I(Cl was run through until 
tho extinction of the eSnent fell to zero (there being a 
cuvetto containing pure 0-03^-HO in tho reference cell 
compartment). This step waa ncceasaxy to remove ultra- 
violet-absorbing impurities that slowly leach out of tho 
resin when it is allowed to stand for any prolonged period. 
At least 20 ml. of 0-03X-HC1 was run through the column 
regardless of tho extinction of the cfiuent, to ensure that the 
acid within tho column was at a conccntnition of 0*03 K. 

When tho washing of the column with 0-03>*-HCl v/as 
complete, tho l*lml. of DNA hydrolysate was run into it. 
Then 50ml. of 0-03>"-EC1 was passed ih rough the column 
to elute the apurimc acids. Prom this point on clution was 
carried ou t with 2 y-H CI. Atypical elution pattern is shown 
in Kg. 1. The adenine peak and tho gnam'ne peak were ench 
collected m a weighed fiask. The solvent coming off the 
column in between the adenine and guanine peaks was also 
collected. The run normally took slightly less thnn 3hr. to 
complete. 

Tho flasks containing the adenine and the guanine were 
weighed, and tho actual weights of the adenine and guanine 
solutions calculated. Since the primary concern is to 
measure tho A/G ratio rather than tho absolute amounts of 
thcao compounds, it'is a permissible amplification to assure e 
that tho weight in grams of each solution is equal to its 
volume in millilitreg. If, however, it is de&ired to dotcrmino 
the absolute amounts of the two bases then tho weight of 
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Pig. 1. Separation on Zco-Kurb 225 resin of adenine And guanine &oru DNA hydrolyscd with 0-OU.v-HCl. T«e 
proccduro » described in this Methods and Materials acction. At arrow 1 clution was started with 0-03 K-HC1- fco-n 
arrows onwards elation was carried out with 2 X-HC1. The small peak elujtcd before guanine may be deoxycrtidin* 
Effluent collected between arrow 3 and arrow 4 ia the guanine fraction. Effluent collected lelwecu arrow 4 and 
arrow 5 w uaed'oa the blank. Effluent collected between Arrow 5 and arrow 6 is the adenine fraction 



each fraction should be divided by 1-033 to give the volume 
ic roilli litre*, 

Tho extinction values of the adenine and guanine 
solutions were. now read at suitable wavelengths in 5 cm.- 
pitfc.lcngth cells in the Hitachi Pcrkin-^Iincr socctro- 
photometcr. The 2x.Hd coming off the column between 
the adenine and guanine pealce was used as the blank: this 
was to ensure that the cfect of possible *tn*!iS of ultraviolet, 
absorbing impurities from tie weia that might contaminate 
the adenioo *ad guanine fractions would be cancelled out by 
the fact that such traces would also be present in the blank. 
With adenine, measurements were made at 262, 215 and 
310 m/i; with guanine, rncwu rem cuts were made at 24S,26o 
r ind 310ni^. In each case, the extinctions at the first two 
wavelengths were corrected for possible light-scattering 
effects by subtraction of the extinction at 3l0an^. 
As a check on the- purity of the fractions the calculated 
• taIucs of EzcifZzn for adenine, and of Eunices for 
guanine, were compared with the .values previously obtained 
'•nth authentic samples of the two b*-scs. 

The concentrations of adenine and guanine were com- 
pa ted from Lhc E»Q2.£j\d values respectively by usin^ 
the extinction coe£cient3 already determined. The actual 
^mounts of Adenine and guanine were found by multiplying . 
the concentration of each base by the volume of the solution. 
The A/G ratio voa then calculated. 

Maleridj. Adenine and guanine (both described as 
cliromatographically pure) were obtained from Eochringcr 
Corporation (London) Ltd., London, W. 5. 

Thc2.0x.HCl was made up by diluting $2*1 ml. (measured 
in k GallenlcHmp 100ml. graduated cylinder with a works 
certificate indicating the error) of coustant-botUng HCl 
(20-24%, w/w, HOI), obtained from British Drug Houses 
Ltd., Poole, Dorset, to 250 ml. 

The -polystyTcnesulphonic acid renin used for tlic ion- 
exchange chromatography was Zeo-Karb 22-5 (over 200 
aiwh; -i-o% ernes-linkage; code ru>. SRC 12) iiiaiiiuactured 
by ThePcnnutit Co. Ltd., London. W. 4. ficfero the column 
*as made up, the resin was washed several times alternately 
*>th 2s.HCi and 2>--NaOH, and finally with 0-03 >\UCI. 
The resin occupied a larger volume when suspended in 
0-03y-HCl than when suspended hi 2>*-HCI: hence the 
necessity to resuspend in 0-03>-.HCI before making the 
Hem. column. 

The DNA used in this work was calf thymus DNA (sodium 
salt; type 1: highly pojymcruccl, lot lW)J.09(iO) froiu the 
S'-ina (Loudon) Chemical Co. Ltd., London. tf.VV. 0. 



RESULTS 

Twelve analyses of calf thymus DNA were carried 
out as described in the Methods And Materials 
section. The mean value of ^202/^375 for tbi 
adenine fractions -was 1-601, which is within 1% of 
the value obtained nvith Authentic adenine. Tho 
mean value of E*tijEu* for the guanine fractions 
was 1-5-13, which is also within 1% of the voluo 
obtained nvith an authentic samplo of the base. 

The 12 values obtained for tho A/G ratio aro 
listed in Table 1, together with tho values of GC 
content calculated from the A/G ratios. Tht: 
standard deviation of the A/G ratios obtained from 
these data is. 0*011. With the old method (Kirk. 
1963) the standard deviation of the A/G ratios was 
0-03: thus the modifications in the tcchnicruc h»v.j 
reduced its intrinsic \-ariability by cbout threefold. 
A standard deviation of 0-011 in A/G ratio corre- 
sponds to a standard deviation of 0-2% GC hi tho 
GC content, for a DNA with a base composition 
of about 43% GC. The standard. deviation of the 
A/G ratios tells us how much variability there is hi 
this method arising out of tho various random # 
errors; it tells us nothing about the sue of any.' 
systematic errors (i.e. errors having much the same 
erect on the A/G ratio in all determinations) that 
the method may have. Examples of possible 
systematic errors would be a significant non- 
Jiuearity in the response of the spectrophotometer, 
or substantial contamination of one of the purine 
factions 03- some other ultraviolet-absorbing 
component. At the moment there is no evidence 
for the presence of significant systematic errors in 
this technique: should such errors 'eventually be 
found then, being systematic, they would be 
relatively constant in their effects and" so allowance 
could be made for them. Assuming, in the absence 
of evidence to the contrary, that there are no serious 
systematic errors prcsoiifc, tlieu the standard 
deviations of 0*011 in tho A/C ratio, and 0*2% in 
the GC content, may be taken as realistic estimate 
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of the absoluto accuracy attainable with tho 
method. It should bo noted that the usefulness of 
the method is nob impaired by any possible in- 
accurides in the values for the extinction co-. 
efficients of Adenine and guanine in 2 x- hydrochloric 
acid. If other workers should obtain more accurate 
values for these constants, then any values for 
A/G ratios obtained with tho present constants 
could simply bo recalculated. 

DISCUSSION 

The method that has been used more than any 
other for measurement of DNA base composition 
is the complote hydrolysis of the DNA with con- 
centrated formic add or perchloric acid and 
separation of the bases by paper chromatography 
(Vischer & Chargaff, 1948; Mnrshak & Vogel, 1951). 
An estimate of the standard deviation of GC content 
as determined by tho formic acid method in expert 
hands may bo obtained from the data on baso 
composition of different kinds of mammalian DNA 
given in Tablo T of the review by Charga£? (1955). 
Ten different estimates are given of the standard 
error in the determination of tho percentages of 
guanine end cytosine. The mean standard error 
in the determination of the percentage of guanine, 
calculated from theso ten estimates, is 0-40mole/ 
lOOmoles; the corresponding valuo for cytosine is 
0'28mole/100molcs. The standard error (i.e. tho 
estimate of the standard deviation) of tho percentage 
of 'guanine plus cytosine is therefore vT(0-40) 2 -f- 
(0-23)3], vhich is 0-49. 

■ The method of determination of DNA baee 
composition that is novr most commonly used is 
tho measurement of buoyant density by equilibrium 



density. gradient centrifagfttion in caesium chloride 
solution (Schiidkraut, Marmur & Doty, 1952). 
Schiidkraut ti ol. (19C2) do* not in fact give en 
estimate o: the standard deviation of tho GC 
contents derived by tliis method: however, they 
do say that *in generul, a value for tho density 
seems to be good to ,± 0-001g. cm.~ n \ which is 
approx. ±1% GC. A quantitative estimate of tho 
inherent variability of this method may be obtained 
from tho results of Tcwari, Votsch, Mahler & 
Mackler (19GG), who obtained several values for the 
buoyant densities in caesium chloride of different 
kinds of yeast DNA. From their four values for ths 
density of the whole-cell DNA, a standard deviation 
of 0-0014g.cm.- 3 may bo calculated. From their 
1 7 values for the density of a satellite band observed 
in DNA from mitochondria, a standard deviation of 

0- 001og.cro.- 3 may be calculated. If we take the 
mean of these two values then, using the known 
relationship between buoyant density and GC 
content (Schiidkraut ti aZ. 1952), we can calculate 
that tho standard deviation of the GC content 
values obtained bv this method win "be about 

1- 5% GC. 

Base composition of DNA is often obtained by 
measuring the denatuvation temperature, T, rt; this 
being obtained by following the extinction at 
260mu as a function of temperature and noting 
the midpoint of the hyper chromic rise (Marmur *2 
Doty, 1962). Murmur «fc Doty (1962) find the 
standard deviation of tho T„ determinations for a 
given kind of DNA to be 0-4*. This means that the 
standard deviation of the GC content va!ue3 
obtained from estimates of T„, is 1*0% GC. 

Information on base composition may be 
obtained by analysis of the spectra of nativo or 
denatured DNA. The simplest method of this type 
is that of Jrcdericq, Oth & Fontaine (19C1), who 
derived an empirical relationship between ths 
j?2uo/i?2So ratio and the CC content. However, they 
give no indication of the standard deviation of tho 
method. 

Hirschman & Fclscnfeld (1966) have developed 
. methods based on measurements of extinction at 
four or more wavelengths on native or denatured 
DNA. From seven results obtained with denatured 
calf thymus DNA it is possible to. calculate a 
standard deviation of 1-2% GC; for another seven 
results, obtained from tho hyperchromic spectra 
(tho difference between the spectra of fully de- 
natured DNA and nativo DNA) of calf thyrnu3 
DNA, tho standard deviation is 1-4% GC. 

On tho basis of the data avail ablo in the literature, 
it therefore would seem that tho inherent reprodu- 
cibility of the method of DNA ba30 analysis 
described in the present paper (which, for simplicity, 
I shall call the A/G -ratio method) is substantially 
better than thut of the other methods in common 
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use. The standard deviations of values of GC 
% cC-ntcnt obtained by th9 usual chemical method 
(complete acid hydrolysis), determination of 
buoyant density, measurement of T m and spectral 
analysis of whole DNA are, respectively, 2*G times, 
7-5 times, 5-0 times and 6-5 times the standard 
deviation of the A/G-ratio method. The main 
disadvantage of the present method is that for 
optimum accuracy it requires about 0-7rog.of DNA. 
However, by using 10 cm. -path-length cells (these 
aro obtainable for the Hitachi Perkin-Elmer 
spectrophotometer), it ahould be possible to obtain 
comparable accuracy 'with 0-35mg. of DNA. The 
amount of D>TA required could be decreased quite 
substantially before the accuracy fell to the levels 
obtained by determination of buoyant density, 
measurement of T m or spectral analysis of whole 
DNA In many c&aes, of course, the preparation of 
0-7mg. of DNA (or more, for replicate analyses) 
presents no problem: such amounts of DNA are 
readily prepared from whole bacteria or animal or 
plant tissue. Howovor, in cases where it is difficult 
to prepare more than a few micrograms of a 
particular kind of DNA, the methods involving 
determination of buoyant density," measurement of 
T m or spectral analysis of whole DNA would have 
to be used. When a knowledge of the nature and 
relative amounts of all the bases present in the 
DNA, instead of just the GC or AT content, is 
required, a method involving complete hydrolysis 
to the free bases with concentrated acid, or to the 
nucleotides with suitable enzymes, must be used. 
Ice A/G-ratio method therefore would be the 
method of choice in cases where an accurate 



estimate of the overall bzse composition (as.GC 
content or AT content) is required, and where 
perhaps as much as 2mg. or more DNA (for three 
or mare replicate determinations) can without too 
much difficulty bo prepared. 

I wn indebted to the Science Besmirch Couacil for 
financial support. The Unicom SP.S00 spectrophoto meter 
whs purchased with a grant to Professor T. W. Goodwin 
irom the Agricultural Research Council. 
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